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Abstract
In this paper, the dynamical behaviour of the geometric discord of a system consisting of a two-
level atom interacting with a quantised radiation field described by the Jaynes-Cummings model
has been studied. The evolution of the system has been considered in the pure dephasing regime
when the field is initially in a general pure state and the atom is initially in a mixed state. Dynamics
of the geometric discord, as a measure of non-classical correlation, has been compared with the
dynamics of negativity, as a measure of quantum entanglement. In particular, the influence of
different parameters of system such as detuning and mixedness of the initial atomic state on the
dynamics of geometric discord has been evaluated for when the field is initially in coherent and
number states. It is shown that for asymptotically large times, the steady state geometric discord
of the system presents a non-zero optimum value at some intermediate value of detuning.
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I. INTRODUCTION
Quantum discord has proved to be a resource for performing some quantum information
and computation protocols [1]. This approach of quantum correlation expresses a differ-
ent type of correlation [2, 3] in comparison with entanglement, in which we are concerned
about separability. Quantum discord sheds a new light on the concept of correlation in
composite systems and reveals that there are some separable, i.e. disentangled, multipartite
states which possess quantum correlation and hence they can be employed as a resource
for improving the quantum information processes, speeding up the quantum computation
algorithms and/or performing the quantum communication protocols. Despite the fact that
entanglement looks at quantum correlation from the separability point of view, quantum
discord can capture quantum correlation from the measurement perspective [4, 5]. However,
calculation of quantum discord requires finding the best (optimised) measurement proto-
col to be performed on one part of the system, therefore, complicating the calculation of
quantum discord and prevents one from obtaining an analytic closed-form of the formula
for quantum discord in general. Indeed, quantum discord is analytically calculated only for
a few families of two-qubit states [6], for some reduced two-qubit states of pure three-qubit
states, and also for a class of rank-2 mixed state of 4⊗2 systems [7]. On the other hand, the
geometric measure of quantum discord is another measure of quantum correlation, that is
in general easier to be utilised for calculations of non-classical correlations [8]. Furthermore,
Dakic et al. have demonstrated, by using a variety of polarisation-correlated photon pairs,
that non-zero quantum discord is the necessary resource for remote state preparation [9].
Also, they show that the geometric measure of quantum discord is directly linked to the
fidelity of remote state preparation for a broad class of states. This fact may provide an
operational interpretation for this measure of quantumness.
Geometric discord is defined as the squared Hilbert-Schmidt distance between the state
of the quantum system and the closest zero-discord state. For a bipartite state ρ on the
Hilbert space HA ⊗HB, geometric discord DG is defined as [8]
DG = min
χ∈χ0
‖ρ− χ‖2, (1)
where minimisation is taken over the set of all zero-discord states χ0, and ‖ρ − χ‖2 =
Tr(ρ−χ)2 is the squared norm in the Hilbert-Schmidt space. An exact expression of DG for
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pure N ⊗ N and arbitrary 2 ⊗ N states are obtained [10, 11]. Consider a bipartite state ρ
acting on the Hilbert space C2 ⊗ CN . One can write ρ in the Bloch representation as
ρ =
1
2N
(
IA ⊗ IB +
3∑
i=1
xiσi ⊗ IB + IA ⊗
N2−1∑
j=1
yjλj +
3∑
i=1
N2−1∑
j=1
tijσi ⊗ λj
)
, (2)
where {σi}3i=1 are the usual Pauli matrices, and {λj}N
2−1
j=1 are generators of SU(N), fulfilling
the following equations
Trλi = 0, Tr(λiλj) = 2δij. (3)
Also ~x = (x1, x2, x3)
t with xi = Tr[(σi⊗IB)ρ], and ~y = (y1, · · · , yN2−1)t with yj = N2 Tr[(IA⊗
λj)ρ] denote local coherence vectors of two subsystems, and T = (tij) with tij =
N
2
Tr[(σi ⊗
λj)ρ] is the correlation matrix of the state. It is shown that DG of 2 ⊗ N states can be
written as [11]
DG =
1
2N
(
‖~x‖2 + 2
N
‖T‖2 − ξmax
)
=
1
2N
(ξ2 + ξ3), (4)
where {ξk}3k=1 are eigenvalues of
(
~x~xt + 2
N
TT t
)
, in non-increasing order, and ξmax =
max{ξk} = ξ1.
The Jaynes-Cummings model (JCM), which describes the interaction of a single two-level
atom with the quantised radiation field [12], has been the subject of numerous studies in
the field of quantum optics due to the fact that this system shows behaviour which clearly
illustrates physical concepts such as collapse and revival. Furthermore, it has attracted
much attention for the study of quantum correlations. A lot of studies have been devoted to
understand the atom-field interaction and methods have been devised to create, control, and
quantify quantum correlation between them both in the weak and strong coupling regimes
[13–21].
In this paper, we specifically intend to investigate the quantum correlation of a system
which exhibits decoherence. Decoherence is an inevitable consequence when the quantum
system is interacting with a surrounding environment. If energy transfer occurs between the
system and environment, the dissipation process is the most important mechanism leading
to decoherence . However, decoherence can happens even when energy is conserved in the
system: in this case the process of phase damping (dephasing) reduces the quantum coher-
ence of the system. Considering the properties of environment is important to investigate its
interaction with the quantum systems and decoherence; the concepts of Markovian and non-
Markovian processes that deal with the capability of the environment to possess memory of
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the system have been the subject of many studies. For example, the dynamical behavior of
quantum correlation of bipartite systems is reviewed in [22] where the authors compared the
behavior of entanglement and quantum discord in non-Markovian and Markovian processes.
Moreover, Milburn has shown that, even without explicitly model an environment and its
interaction with the system, the dephasing process may occur due to quantum jumps in the
evolution of the system [23].
Investigating the quantum discord of open systems has been the subject of several studies.
For example, Jara et al. have studied the discording power of an interaction between a
system and its enclosing bath, both with and without the assumption of the rotating-wave
approximation (RWA) [19]. In addition, Altintas et al. have used the master equation of
evolution of interacting atom and field and investigated the entanglement and quantum
discord of atom-field interactions in strong coupling regime. Also, dynamics of the geometric
quantum discord was studied in [18], where the authors have employed a dissipative system
of two independent atom-cavity-reservoirs, both in the strong and weak coupling regimes.
In the present paper, we investigate the dynamical behavior of quantum correlations
of a system consisting of a two-level atom which interacts with a single-mode quantised
radiation field. Such systems are important in operational quantum information processing.
In particular, this system is suitable for performing some quantum communication tasks,
because it includes a stationary qubit (atom) and a flying qudit (photon). The atom-field
interaction is described by the Jaynes-Cummings model. We use the JCM in the weak
coupling regime together with the RWA, and assume that our system undergoes a phase
damping evolution caused by a decoherence process. The physics of this process could be
quantum jumps of the atom-field state during the evolution. We focus on calculating the
time-evolved state of the atom-field, where the atom is initially in a general mixed state and
the field is initially in a pure state, i.e. number and coherent states, and investigate the
quantum correlations between the atom and field. Our algebraic method to calculate the
geometric discord of the JCM is novel, in which the calculation of coherence vectors and
correlation matrix in the JCM are carried out easily. In previous studies such as [15, 24, 25]
the pure dephasing evolution of the JCM has been considered, i.e. when the atom and
field are both initially in pure states, but we consider here a more general case, when the
initial state of the atom is a general mixed state. Also, our analytic results enable us
to evaluate the dynamics of the quantum correlations of the JCM such as negativity and
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geometric discord for various values of atomic mixedness of the system, and the atom-field
detuning. Our results reveal that although the asymptotic geometric discord of the system
is negligible in the resonance and far resonance regions, it has a non-zero value for some
intermediate detunings, and that we can find an optimum value for such asymptotic D∞G
in an intermediate value of detuning. Interestingly, a similar result is mentioned in [25] for
the negativity of the JCM and we show here how these two types of quantum correlation
resemble each other in this view.
The paper is organised as follows. In section II, we briefly review the Jaynes-Cummings
Model. Pure dephasing evolution of the system is studied in Section III. Section IV includes
the calculation of the geometric discord for the two distinct initial states of the field i.e.
number and coherent states. In Section V, we present our results and conclude the paper
with some discussions.
II. THE JAYNES-CUMMINGS MODEL
The Jaynes-Cummings model (JCM) describes the interaction of a two-level atom with
a single-mode quantised radiation field [12]. The Hamiltonian of this model is given by
H = H0 +HI , (5)
where H0 is the internal Hamiltonian of the system and HI describes the atom-field inter-
action in the rotating-wave approximation (RWA) and weak-coupling regime, where (for
~ = 1)
H0 =
1
2
ωAσz + ωFa
†a, (6)
HI = g(σ+ ⊗ a+ σ− ⊗ a†). (7)
Here ωA and ωF are the transition frequency of the two-level atom and the frequency of the
radiation field, respectively, and g denotes the atom-field coupling. Note that the RWA and
weak coupling regime are valid when g  ωA, ωF . Also σ+, σ− = σ†+ are atomic spin-flip
operators, and σz is the atomic inversion operator which act on the atom Hilbert space HA.
Also a and a† are annihilation and creation operators of the field acting on the field Hilbert
space HF . The two-dimensional Hilbert space of the atom is spanned by two orthonormal
states |g〉 .= (0, 1)t and |e〉 .= (1, 0)t, and the field Hilbert space is spanned by the photon
number states {|n〉 = (a†)n√
n!
|0〉}∞n=0, where |0〉 is the vacuum state of the radiation field.
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To achieve the time evolution of the system, it is convenient to use the dressed-state
representation of the Hamiltonian (5). Regarding the fact that Hamiltonian (5) conserves
the total number of excitations of the operatorK = (a†a+ 1
2
σz), one can decompose the atom-
field Hilbert space H = HA⊗HF as H = ⊕∞n=0Hn such that H0 = span{|g, 0〉} and Hn+1 =
span{|e, n〉, |g, n+1〉} for n ∈ {0, 1, 2, ...}, are the eigen-subspaces of K corresponding to the
eigenvalues −1
2
and (n+ 1
2
), respectively. Accordingly, Hamiltonian (5) has the eigenvalues
E0 = −1
2
ωA, E
(n)
± = ωF (n+
1
2
)± Ωn, (8)
with the corresponding eigenvectors
|Φ0〉 = |g, 0〉,
|Φ(n)+ 〉 = sin θn|e, n〉+ cos θn|g, n+ 1〉, (9)
|Φ(n)− 〉 = cos θn|e, n〉 − sin θn|g, n+ 1〉,
where tan θn =
2g
√
n+1
−∆+2Ωn , and Ωn =
√
(∆/2)2 + g2(n+ 1) is the Rabi frequency. Also ∆ =
ωA − ωF is the detuning parameter of the system.
III. PURE DEPHASING EVOLUTION OF THE SYSTEM
Decoherence destroys the quantumness of the system and decreases the useful quantum
correlations between on the parts of the system . There are several approaches to consider
decoherence in a quantum system which are responsible for quantum-classical transition.
One of these approaches is based on the modified Schro¨dinger equation in such a way that
the quantum coherence is automatically destroyed as the system evolves. This mechanism
is called intrinsic decoherence and has been studied in the framework of several models
(see [24] and references therein). In particular, Milburn has proposed a simple modification
of the standard quantum mechanics based on the assumption that for sufficiently short
time steps γ the system evolution is governed by a stochastic sequence of identical unitary
transformations rather than a continuous unitary evolution [23]. This assumption leads to
a modification of Schro¨dinger equation which includes a term corresponding to the decay of
quantum coherence in the energy bases. Using a Poisson model for the stochastic time steps,
Milburn obtained the following dynamical master equation in the first order approximation
[23, 24, 26–28]
d
dt
ρ(t) = −i[H, ρ(t)]− γ
2
[H, [H, ρ(t)]], (10)
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where ρ(t) is the density matrix of the atom-field in any given time t ≥ 0. Equation (10)
has the following formal solution [24, 29]
ρ(t) =
∞∑
k=0
(γt)k
k!
Mk(t)ρ(0)M †
k
(t), (11)
such that ρ(0) is the initial state of the system and
Mk(t) = Hk exp(−iHt) exp(−γt
2
H2). (12)
In order to find the time-evolved state ρ(t), we need to expand the initial state ρ(0) in
terms of the dressed-states, i.e. the Hamiltonian eigenbases (9), as
ρ(0) = |Φ0〉〈Φ0|ρ(0)|Φ0〉〈Φ0|+
∑
α=±
∞∑
n=0
|Φ(n)α 〉〈Φ(n)α |ρ(0)|Φ0〉〈Φ0| (13)
+
∑
β=±
∞∑
m=0
|Φ0〉〈Φ0|ρ(0)|Φ(m)β 〉〈Φ(m)β |+
∑
α,β=±
∞∑
m,n=0
|Φ(n)α 〉〈Φ(n)α |ρ(0)|Φ(m)β 〉〈Φ(m)β |.
Inserting this in Eq. (11) we get
ρ(t) = |Φ0〉〈Φ0|〈Φ0|ρ(0)|Φ0〉 (14)
+
∑
α=±
∞∑
n=0
|Φ(n)α 〉〈Φ0| exp
(
− i(ωnα)t−
γt
2
(ωnα)
2
)
〈Φ(n)α |ρ(0)|Φ0〉
+
∑
β=±
∞∑
m=0
|Φ0〉〈Φ(m)β | exp
(
i(ωmβ )t−
γt
2
(ωmβ )
2
)
〈Φ0|ρ(0)|Φ(m)β 〉
+
∑
α,β=±
∞∑
m,n=0
|Φ(n)α 〉〈Φ(m)β | exp
(
− i(ωnmαβ )t−
γt
2
(ωnmαβ )
2
)
〈Φ(n)α |ρ(0)|Φ(m)β 〉,
where we have defined
ωnmαβ = E
(n)
α − E(m)β , ω(n)α = E(n)α − E0. (15)
Now let us suppose that, initially at t = 0, the system is found in the product state
ρ(0) = ρA(0)⊗ ρF (0), (16)
such that ρA(0) is the initial state of the atom and is considered to be a mixed state
ρA(0) = p|e〉〈e|+ (1− p)|g〉〈g|, 0 ≤ p ≤ 1, (17)
and ρF (0), the initial state of the field, is assumed to be a pure state
ρF (0) = |η〉〈η|, (18)
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with |η〉 = ∑∞n=0 bn|n〉, where the complex coefficients bns satisfy the normalisation condition∑∞
n=0 |bn|2 = 1. In section IV, we will fix the coefficients bn for two special cases, namely
number states and coherent states. Accordingly, inserting Eqs. (16)-(18) into Eq. (14) and
using orthonormal bases {|e1〉 ≡ |e〉, |e2〉 ≡ |g〉} for the atomic Hilbert space, one can find,
after tedious but straightforward calculations, the following representation for the density
matrix ρ(t)
ρ(t) =
 Aˆ(t) Cˆ(t)
Cˆ†(t) Bˆ(t)
 , (19)
where Aˆ(t), Bˆ(t), and Cˆ(t), operators acting on the field Hilbert space HF , are defined by
Aˆ(t) = pAˆ(e)(t) + (1− p)Aˆ(g)(t), (20)
Bˆ(t) = pBˆ(e)(t) + (1− p)Bˆ(g)(t), (21)
Cˆ(t) = pCˆ(e)(t) + (1− p)Cˆ(g)(t), (22)
where matrix elements of operators Aˆ(e,g)(t), Bˆ(e,g)(t), and Cˆ(e,g)(t) in the Fock bases {|n〉}∞n=0
are given by
A(e)nm(t) = bnb
?
m
[
sin2 (θn)
[
sin2 (θm) exp
(− iωnm++t− γt2 (ωnm++)2)
+ cos2 (θm) exp
(− iωnm+−t− γt2 (ωnm+−)2)]
+ cos2(θn)
[
sin2 (θm) exp
(− iωnm−+t− γt2 (ωnm−+)2)
+ cos2 (θm) exp
(− iωnm−−t− γt2 (ωnm−−)2)]
]
, (23)
A(g)nm(t) =
1
4
bn+1b
?
m+1 sin (2θn) sin (2θm)
[
exp
(− iωnm++t− γt2 (ωnm++)2)
− exp (− iωnm+−t− γt2 (ωnm+−)2)
− exp (− iωnm−+t− γt2 (ωnm−+)2)
+ exp
(− iωnm−−t− γt2 (ωnm−−)2)], (24)
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B(e)nm(t) =
1
4
bn−1b?m−1 sin (2θn−1) sin (2θm−1)
[
exp
(− iωn−1,m−1++ t− γt2 (ωn−1,m−1++ )2)
− exp (− iωn−1,m−1+− t− γt2 (ωn−1,m−1+− )2)
− exp (− iωn−1,m−1−+ t− γt2 (ωn−1,m−1−+ )2)
+ exp
(− iωn−1,m−1−− t− γt2 (ωn−1,m−1−− )2)], (25)
B(g)nm(t) = bnb
?
m
[
cos 2(θn−1)
[
cos2(θm−1) exp
(− iωn−1,m−1++ t− γt2 (ωn−1,m−1++ )2)
+ sin 2(θm−1) exp
(− iωn−1,m−1+− t− γt2 (ωn−1,m−1+− )2)]
+ sin2(θn−1)
[
cos2(θm−1) exp
(− iωn−1,m−1−+ t− γt2 (ωn−1,m−1−+ )2)
+ sin2(θm−1) exp
(− iωn−1,m−1−− t− γt2 (ωn−1,m−1−− )2)]
]
, (26)
C(e)nm(t) =
1
2
bnb
?
m−1 sin (2θm−1)
[
sin2 (θn)
[
exp
(− iωn,m−1++ t− γt2 (ωn,m−1++ )2)
− exp (− iωn,m−1+− t− γt2 (ωn,m−1+− )2)]
+ cos2(θn)
[
exp
(− iωn,m−1−+ t− γt2 (ωn,m−1−+ )2)
− exp (− iωn,m−1−− t− γt2 (ωn,m−1−− )2)]
]
, (27)
C(g)nm(t) =
1
2
bn+1b
?
m sin (2θn)
[
cos2(θm−1)
[
exp
(− iωn,m−1++ t− γt2 (ωn,m−1++ )2)
− exp (− iωn,m−1−+ t− γt2 (ωn,m−1−+ )2)]
+ sin2(θm−1)
[
exp
(− iωn,m−1+− t− γt2 (ωn,m−1+− )2)
+ exp
(− iωn,m−1−− t− γt2 (ωn,m−1−− )2)]
]
. (28)
IV. GEOMETRIC DISCORD OF THE SYSTEM
In this section, we turn our attention on the geometric quantum discord of the state given
by Eq. (19). To do so, we should first note that the state (19) is supported, actually, on a
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2⊗∞ Hilbert space and investigating the correlation properties of this system may appear to
an impossible task. However, as we will show in the following sections, by considering some
appropriate initial states for the field, our state at a given time t > 0 can be represented by a
2N × 2N matrix for a finite N . In continue, we express two examples of these preparations.
A. Number state as initial state of the field
We first consider the case that the field is prepared, initially, in a given number state |k〉,
i.e. the coefficients bn are set to be bn = δnk. In this particular case, the atom-field state
ρ(t) of Eq. (19) is supported on a 2 ⊗ 3 Hilbert space. By setting {|k − 1〉, |k〉, |k + 1〉} as
the orthonormal bases of the field, one can represent the corresponding density matrix as
ρk(t) =

(1− p)Bk−1(t) 0 0 0 −(1− p)Ck−1(t) 0
0 pAk(t) 0 0 0 pCk(t)
0 0 0 0 0 0
0 0 0 0 0 0
−(1− p)C∗k−1 0 0 0 (1− p)
(
Ak−1(t) + δk,0
)
0
0 pC∗k(t) 0 0 0 pBk(t)

, (29)
where
Ak(t) =
1
4
(
2 +
∆2
2Ω2k
+
(
2− ∆
2
2Ω2k
)
cos (2Ωkt) exp (−2γtΩ2k)
)
, (30)
Ck(t) =
g
√
k + 1
4Ωk
(
∆
Ωk
(1− cos (2Ωkt) exp (−2γtΩ2k)) + 2i sin (2Ωkt) exp (−2γtΩ2k)
)
, (31)
Bk(t) =
g2(k + 1)
2Ω2k
(
1− cos (2Ωkt) exp (−2γtΩ2k)
)
. (32)
This density matrix can be used to obtain the coherence vector ~x and correlation matrix T ,
and hence the geometric discord.
B. Coherent state as initial state of the field
As the second example, we consider the case that the field is initially in a coherent state
|α〉, i.e. bn = e− 12 |α|2 αn√n! . Although this initial condition implies a 2 ⊗∞ support for ρ(t),
the Poissonian distribution of photon numbers in coherent states allows us to truncate the
dimension of the field Hilbert space to a finite one. Numerically, it is seen that if we set
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|α| = √5 the coefficients bns will be negligible for n > 30; Indeed, the ratio |bn+1|2|bn|2 becomes
less than 10−10 for large enough values of n, so it is reasonable to restrict the dimension of
the field Hilbert space to an appropriate N . To fulfill the adequate accuracy in the case of
|α| = √5, numerical calculations have shown thatN = 30 is sufficient, such that Tr[ρ(t)] ∼= 1,
so we truncate HF to a 30-dimensional space. This approach was also employed in [15] to
calculate the negativity of the JCM where the system undergoes a unitary evolution, and
the consideration of the initial states of the atom and field are the same as the present paper.
We use the same approach to evaluate the dephasing evolution of the JCM, and it can be
seen that just by setting the dephasing parameter γ equal to zero, i.e. the unitary evolution,
the results of [15] for the state of the system can be achieved. Nevertheless, in the case of
dephasing evolution, the 25-dimensional field Hilbert space which is used in [15] is no longer
accurate in numerical calculations, so we have expanded this dimension to thirty.
Now we focus on calculating the DG of the atom-field state while the field is initially in
the mentioned coherent state. Consequently, each block of the density matrix (19) will be
a 30× 30 matrix acting on the field. If we let {λj}302−1j=1 to be the generators of SU(30) and
use the Pauli matrices as the generators of the SU(2), and utilise the representation in (19),
we have
x1(t) = TrF
[
Cˆ†(t) + Cˆ(t)
]
, (33)
x2(t) = TrF
[
− iCˆ†(t) + iCˆ(t)
]
, (34)
x3(t) = TrF
[
Aˆ(t)− Bˆ(t)
]
, (35)
and
t1j(t) = 15TrF
[
λˆj
(
Cˆ†(t) + Cˆ(t)
)]
, (36)
t2j(t) = 15TrF
[
λˆj
(− iCˆ†(t) + iCˆ(t))], (37)
t3j(t) = 15TrF
[
λˆj
(
Aˆ(t)− Bˆ(t))], (38)
where j = 1, . . . , 302 − 1 and TrF is the partial trace over the field which can be readily
applied on the matrix representation of the operators Aˆ(t), Bˆ(t), Cˆ(t) and Cˆ†(t). Having
the coherence vector ~x and correlation matrix T in hand, one can calculate the geometric
discord via Eq. (4). Meanwhile, an explicit representation of the generators of SU(30) is
required; The method proposed in [30] has expressed a set of straightforward equations to
achieve both Cartan sub-algebra and non-diagonal generators of SU(N).
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V. RESULTS AND DISCUSSIONS
Based on the analytic calculations of the pure dephasing evolution of the atom-field
system expressed in the previous sections, we have calculated the geometric discord DG of
the state for different values of the parameters g, ∆, γ and p. The evolution of the state
of the system and hence the dynamics of the quantum correlations strongly depend on the
initial state of the system. Therefore, in all of the following calculations we suppose that
the atom can be found, initially, in a mixture of the ground and excited states, and the
field is in a pure initial state. For the pure state of the field we consider two distinct cases:
the number state and the coherent state. We mostly focus our attention on the quantum
correlations of the JCM in pure dephasing evolution, but it is worthwhile to evaluate our
results for γ = 0, i.e. the unitary evolution, and then compare them with the results of the
situation when the dephasing process is present.
A. Initiating the field in a number state
We first consider the case that the field is initially prepared in a number state, so that
the behaviour of the system over time can be readily extracted by examining Eq. (29).
• Unitary Evolution (γ = 0)
Suppose that the initial state of the field is set to be vacuum state |0〉. Figure 1-(a)
shows the time behaviour of DG when the atom is initially in the excited state |e〉, and
for some regular values of detuning ∆, where RWA is valid. Since evolution is unitary,
the pure initial state of the system will remain pure during the evolution. As it is
mentioned in Ref. [31], for a m ⊗ m pure state |Ψ〉 = ∑mi=1√si|i〉|i〉, the geometric
discord is related to the generalised concurrence as
DG(Ψ) = 1−
m∑
i=1
s2i =
1
2
C2(Ψ), (39)
where C(Ψ) is the generalised concurrence of |Ψ〉 [32]. Figure 1-(b) shows the dynamics
of the negativity of the JCM with the same assumptions. As it is clear, the time
behaviour of DG and negativity are the same up to a scale factor. We can see that as
the collapse and revival occurs, the atom and the field becomes periodically correlated
and de-correlated.
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FIG. 1. (Color online) Time evolution of DG and negativity when the field is initially in the
vacuum state |0〉, and γ = 0 (unitary evolution), p = 1, g/ωA = 0.1 with ∆ = 0 [solid black line]
and ∆ = 0.1 [dashed red line].
• Dephasing regime (γ 6= 0)
When the dephasing parameter γ is not zero, the story is different. Decoherence
suppresses the coherence oscillations (collapse and revival) of the evolution and after
sufficient time, it leads the system to get a stationary state. In Figs. 2 and 3 we have
plotted DG versus time for different values of p and ∆ when the initial state of the
field is |1〉. Since elements of the density matrix are proportional to e−γt, they vanish
after times t γ, for γ 6= 0. So the system reaches a stationary state, asymptotically.
Hence we have the following time-independent elements for the density matrix of the
system at the asymptotically large times:
A¯k(∆, k, g) =
1
4
(
2 +
∆2
(∆2/2) + 2g2(k + 1)
)
,
C¯k(∆, k, g) =
g∆
√
k + 1
∆2 + 4g2(k + 1)
, (40)
B¯k(∆, k, g) =
g2(k + 1)
(∆2/2) + 2g2(k + 1)
.
As it is clear, the detuning parameter ∆ have an important role in the asymptotic
geometric discord D∞G . For instance, for ∆ = 0 we have A¯k(0) =
1
2
, C¯k,k−1(0) = 0 and
B¯k(0) =
1
2
i.e the density matrix (29) becomes diagonal and consequently D∞G = 0.
So it seems that we need a nonzero ∆ in order to have nonzero D∞G . Likewise, the
13
FIG. 2. (Color online) Time evolution of DG and negativity when field is initially in |1〉 for
g/ωA = 0.1, γ = 0.5 and p = 0.5 with ∆ = 0 [solid black line], ∆ = 0.2 [dashed red line] and
∆ = 0.6 [dot-dashed blue line].
FIG. 3. (Color online) Time evolution of DG and negativity when field is initially in |1〉 for
g/ωA = 0.1, γ = 0.5 and p = 1 with ∆ = 0 [solid black line], ∆ = 0.2 [dashed red line] and ∆ = 0.6
[dot-dashed blue line].
evolution of the system barely creates any correlation for large values of detuning.
Accordingly, the asymptotic geometric discord D∞G may have a maximum value at a
finite optimum value of detuning, ∆opt.. Figure 4 expresses the asymptotic geometric
discord D∞G versus ∆ when the field is initially in |1〉 and for different values of p.
Finally, Figure 5 summarise the previous results in a 3D plot of D∞G versus ∆ and
p. These figures reveal that the value of D∞G seems to be not symmetric with respect
to the parameter p. Since the one-dimensional dressed state |g, 0〉 does not change
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FIG. 4. (Color online) The asymptotic geometric discord D∞G as a function of ∆ when the field is
initially in |1〉 and g/ωA = 0.1 with p = 0 [solid black line], p = 0.5 [dot-dashed red line] and p = 1
[dashed blue line].
through the evolution, it turns out that the rules of p and (1− p) differ in evolution,
leading therefore to the above mentioned asymmetry.
FIG. 5. (Color online) The asymptotic geometric discord D∞G as a function of ∆ and p when the
field is initially in the number state |1〉.
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B. Initiating the field in a coherent state
We now check our results in the case where the field is prepared initially in a coherent state
|α〉. In the following case, we fix |α| = √5, so it is sufficient to use only the 30-dimensional
truncated subspace of the field Fock space.
• Unitary evolution (γ = 0)
First, suppose the evolution is unitary, i.e. γ = 0. Figure 6 shows DG of the JCM when
the atom is initially in the excited state , i.e. p = 1, and in resonance with the field,
i.e. ∆ = 0. Authors of [15] have calculated the negativity and mutual information of
the JCM with the similar assumptions. Evidently, apart from a difference in scaling,
Fig. 6 exhibits coincidence of the results: the dynamical behavior of DG coincides with
the dynamical behavior of negativity presented in [15].
FIG. 6. (Color online) Time evolution of DG when field is initially in |α〉 for γ = 0 (unitary
evolution), g/ωA = 0.1, ∆ = 0 and p = 1 with |α| =
√
5.
• Dephasing regime (γ 6= 0)
The dephasing mechanism tends to demolish the coherent elements of the density
matrix Eq.(19) (suppose bn = e
− 1
2
|α|2 αn√
n!
for n ≤ 30). It is evident that for the
asymptotically large times (t  γ), the coherent term of the density matrix, Cˆ(t),
approaches zero unless in the cases where (E
(n)
± − E(m)± ) = 0; This happens only for
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eight elements, namely four diagonal and four non-diagonal elements. For large times,
however, it is not difficult to see that under the resonant condition ∆ = 0, only the
diagonal elements remain and consequently the density matrix becomes zero-discord.
In the opposite situation, when the detuning ∆ is large enough, the non-diagonal
elements vanish for the asymptotically large times. Similar to the conclusion in the
previous case, there exists an optimum value of detuning which gives the maximum
value for the geometric discord of the stationary state. Figure 7 shows the asymptotic
geometric discord D∞G versus ∆ when the initial state of the field is in the coherent
state |α〉 with |α| = √5.
FIG. 7. (Color online) D∞G as a function of ∆ when field is initially in the coherent state |α〉, with
p = 0 [solid black line], p = 0.5 [dot-dashed red line] and p = 1 [dashed blue line].
To discuss some aspects of our results, our calculations reveals that for the asymptotic
case, i.e. when t −→ ∞, the support of the density operator of the system lies only on
a 4-dimensional subspace, irrespective of the initial state. One can vary this support by
changing the system parameters, for instance the detuning ∆. In this case, the asymptotic
geometric discord depends on ∆, g and p (also k for number states). For instance, for the
case of p = 0.5, the supports of the stationary states coincide for the coherent and the
number initial states of the field. This fact is obvious from Figures 4 and 7; these figures
are exactly the same. For other values of p, the rank of the support remains unchanged but
the above mentioned coincidence does not occur.
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Also, it is worthwhile to discuss how correlation can survive in an off-resonant system while
they do not survive in the resonant case. The quantum correlation can resulted either from
a resonant transfer of energy between the atom and the field, or from dispersive energy
shifts affecting the atoms and the photons when they are not resonant [33–35]. The fact
is that, although the system gains significant amounts of correlation in the resonant case,
this correlation is vulnerable to dephasing and can not survive. On the other hand, the
quantum correlation of the system in off-resonant case is rather robust to the dephasing
process and are longer-lasting. Strictly speaking, the energy transfer process dominates the
resonant atom and field, while the latter dominates the far off-resonant system. Our results
indicate that although the contributions of the two above processes change as we alter the
detuning, the ability of the system to gain correlation is generally remarkable for detunings
between zero up to some intermediate value (notice Figure 1), while this ability decreases for
larger detunings; So we can conclude that the ability of the system to gain correlation does
not immediately wane by an increase in detuning, but the reduction of this ability occurs
when the detuning is greater than some intermediate value. In addition, the immunity
of the system to the dephasing is very important, and it strongly depends on the initial
state of the system, and also on the amount of detuning. Speaking about the immunity,
the coherent elements (off-diagonal elements) of expression shown in (14) are fragile to
dephasing, and vanish at large times, so their influence in maintaining correlation of the
system is highly dependent on the dephasing process. But since the energy of the atom-field
system is conserved, the population elements of (14) are invariant and their correspondence
in the quantum correlation of the system can survive. We speculate that for the initial
state (13), the resonant transfer of energy between atom and field which dominates the
behaviour of the correlation in a resonant system is highly relevant to the coherent elements
of (14), while for an off-resonant system, the amounts of correlation is more relevant to the
population elements, and accordingly, is more robust against the dephasing processes. The
fact is that detuning changes the energy levels of the atom-field system and the coherent
and population elements of the evolution (14), so it influences both the ability of system
to create correlation and the immunity of correlation to the dephasing. Mathematically,
consider the density matrix of (14) to be the sum of two matrices as below
ρ(t) = ME + M¯(t) (41)
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where the ME shows the diagonal elements of ρ(t) corresponding with energy levels of
Hamiltonian (5) and M¯(t) corresponds with off-diagonal elements of the density matrix
(14). Expanded in detail, we have
ME =
∑
α=∓
∞∑
n=0
|Φ(n)α 〉〈Φ(n)α |〈Φ(n)α |ρ(0)|Φ(n)α 〉+ |Φ0〉〈Φ0|〈Φ0|ρ(0)|Φ0〉, (42)
and since the energy of the system is conserved, this matrix is time-invariant, whereas M¯(t)
vanishes at large times because of dephasing. Accordingly, we have lim ρ(t)
t→∞
= ME. It is
evident that the off-diagonal elements of ME in the standard atom-field representation (not
dressed states) are crucial in quantum correlation of the system, and they depend on both
the initial state of the system, ρ(0), and the parameter θn(∆, g) (see (9)) which determines
the energy levels of the system. So for a given ρ(0), the parameter θn(∆, g) governs M
E and
consequently determines the amounts of correlation of the system at asymptotically large
times. Therefore, both the parameters ∆ and g should be taken into account to study the
asymptotic correlation of the system (also n is important when the initial state of the field is a
number state). With respect to our assumption for the initial state (13), the state ρ∞ = ME
is correlation-free when the system is in resonance, whereas, it contains correlations for the
off-resonant case. Since asymptotic geometric discord is a positive function vanishing at
∆ = 0 and large values of ∆, according to the Rolle’s theorem it must have a maximum at
some intermediate detuning i.e. ∆op.
In summary, we have investigated the dynamical behavior of the geometric discord and
negativity of a bipartite system including a two-level atom, prepared initially in a mix-
ture of ground and excited states, and a quantised radiation field, prepared in a general
pure number/coherent initial state. The internal interaction is modelled by the JCM in the
weak coupling approximation. The evolution of the density matrix of the composite system
is studied under pure dephasing process. The results of this paper show that dephasing,
induced by intrinsic decoherence, is competing with internal interaction to create an asymp-
totic value of quantum correlation after some coherence oscillation. Hence the amount of
quantum correlation of the system reaches a stationary value, asymptotically. The dynami-
cal and asymptotic behavior of the geometric discord depend on the initial conditions and
the system parameters. Indeed, the effects of dephasing can be amplified or weakened by
adjusting both the parameters of the model and the initial conditions. We have also shown
that the asymptotic geometric discord reaches its maximum value at an intermediate non-
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zero value of atom-field detuning. This system can be employed for implementation of the
quantum remote state preparation protocol and the results help to improve the fidelity of
this task.
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